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Background

Quark model

Ø QCD quark confinement
Ø Quark has fractional charges

In 1964, Gell-Mann and Zweig proposed a way, quark model, 
to build the numerous hadrons out of three fundamental quarks. 
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Background

Quark model extending to SU(4), a 20-plet for            and           , 
respectively. 

JP = 1
2

+
JP = 3

2
+

Searching for doubly/triply heavy baryons would be important 
for the spectroscopy and QCD studies
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Background

Published in Phys. Rev. Lett. 119, 112001 (2017). 

GENXICC C. H. Chang, X. G. Wu et al, Comput. Phys. Commun, (2007, 2010).

Observation of doubly charmed baryon

Λ+
c K−π+π+
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Background

Observation of heavy hadrons

Heavy baryons : singly-, doubly- and triply-heavy baryons



8

Background

Observation of singly heavy baryons

Some excited P-wave singly heavy baryons had also been announced.

S.-H. Lee et al. (Belle Collaboration), Phys. Rev. D 89, 091102 (2014);

T. Aaltonen et al. (CDF Collaboration), Phys. Rev. D 84, 012003 (2011);

B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 72, 052006 (2005);

R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 122, 012001 (2019);

R. L. Workman et al. (Particle Data Group), PTEP 2022, 083C01 (2022).

All ground-state singly heavy baryons had already been 
observed except       withΩ*b JP = 3/2+

E. Santopinto, A. Giachino, and et al, The Eur. Phys. J. C 79, 1012 (2019) 

R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 124, 082002 (2020). 

R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 124, 222001 (2020). 

T. J. Moon et al. (Belle Collaboration), Phys. Rev. D 103, L111101 (2021). 

R. Aaij et al. (LHCb Collaboration), JHEP 2016, 161 (2016). 

Heavy quark (  )c b、

Light quark (   )u d s、 、

Singly heavy baryons
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Background

Motivations

Ø Search for        and         ;    
Ø Precise test of Standard model or quark model;
Ø Sack of the theoretical study on excited heavy doubly 

baryons;

ΞbbΞbc

NRQCD is an effective nonrelativistic theory that describes 
the interactions of quarks and antiquarks in hadronic systems 

Heavy quark (  )c b、

Light quark (   )u d s、 、

Doubly heavy baryons

G. T. Bodwin, E. Braaten and G. P. Lepage, Phys. Rev. D 51, 1125 (1995). 
A. F. Falk, M. E. Luke, M. J. Savage and M. B. Wise, Phys. Rev. D 49, 555-558 (1994). 
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Background

Direct and indirect production mechanisms for the production of 
doubly heavy baryons

Direct
Indirect

annihilation

H
adronic

photon

H
iggs

Top

W
 boson

C. H. Chang, C. F. Qiao, J. X. Wang and X. G. Wu, Phys. Rev. D 73, 094022 (2006).
C. H. Chang, J. P. Ma, C. F. Qiao and X. G. Wu, J. Phys. G 34, 845 (2007). 
J. P. Ma and Z. G. Si, Phys. Lett. B 568, 135 (2003).
S. P. Baranov,  Phys. Rev. D 54, 3228 (1996). 

Z boson

e+e−

X. C. Zheng, C. H. Chang and Z. Pan, Phys. Rev. D 93, 034019 (2016). 
J. Jiang, X. G. Wu, Q. L. Liao, X. C. Zheng and Z. Y. Fang, Phys. Rev. D 86, 054021 
(2012). 
J. Jiang, X. G. Wu, S. M. Wang, J. W. Zhang and Z. Y. Fang, Phys. Rev. D 87, 054027 
(2013). 

G. Chen, X. G. Wu, Z. Sun, Y. Ma and H. B. Fu, JHEP 1412, 018 (2014). 
H. Y. Bi, R. Y. Zhang, X. G. Wu, W. G. Ma, X. Z. Li and S. Owusu, Phys. Rev. D 95, 
074020 (2017). 
S. Y. Li, Z. G. Si and Z. J. Yang, Phys. Lett. B 648, 284 (2007). 

J. J. Niu, L. Guo, H. H. Ma and X. G. Wu, Eur. Phys. J. C 79, 
no.4, 339 (2019). 
H. H. Ma and J. J. Niu, Eur. Phys. J. C 83, no.1, 5 (2023) 

J. J. Niu, L. Guo, H. H. Ma, X. G. Wu and X. C. Zheng, Phys. 
Rev. D 98, no.9, 094021 (2018). 
H. H. Ma, J. J. Niu and X. C. Zheng, Phys. Rev. D 107, no.1, 
014006 (2023) 

P. H. Zhang, L. Guo, X. C. Zheng and Q. W. Ke, Phys. Rev. D 
105, 034016 (2022). 

X. Luo, H. B. Fu, and H. J. Tian, Chin. Phys .C 47 (2023) 5, 
053102. 
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Background

• Relatively clean background
• High resolution and detection ability 

CEPC Super-Z L ≃ 1034−36 cm−2s−1

ILC GigaZ L ≃ 0.7×1034cm−2s−1
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Calculation Technology

Within the framework of NRQCD, the typical physical process is：

'* / * 'QQe e Z Q Qg+ -+ ® ®X + +

perturbative region nonperturbative region
Nonperturbative region ：

Radial wave function at the origin（S-wave）

Its first derivative （P-wave）

Perturbative region ：

The differential cross section ：
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The diquark mass:

'
11 1 12 1

' '

,        Q Q

QQ QQ

m m
k k k k k k

M M
= + = -

k is the relative momentum between these two constituent quarks of the 
diquark 

2 0C ig g= -

S-wave amplitude: 

α
1 0Z Q Q- -  顶点

0 ' 'Z Q Q- -  顶点-1

X. Luo, H. B. Fu, and H. J. Tian, Chin. Phys .C 47 (2023) 5, 
053102. 

Calculation Technology

MQQ′ = mQ + mQ′ 
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P-wave amplitude:

Calculation Technology
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The overall parameter               ，       means the interaction vertex 。
2 2

2cos
s

W

Cg g
k

q
= (')ZQ

µG

The leptonic vector ： Z0 propagator：

The sum formulas of polarization vector and polarization tensor satisfy：

Where

The color factor：

For the production of color     state or color  6  state，Cij,l
2 is 4/3 or 2/3 respectively.

3

6

Calculation Technology

3
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Results : Cross section

Tools：Mathematica，FeynArts、FeynCalc and FormCalc。
Tavble I and II Cross sections (in unit: fb) and events (in unit: 102) for doubly heavy
baryons produced at the Super-Z factory and GigaZ, respectively.

The total cross sections of the excited doubly heavy baryons production are 32.38 fb、
109.36 fb and 2.29 fb respectively。These contributions correspond to 3.97% 、5.08% 
and 5.89% of the contributions from the total S-wave 。
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One can see that：
ü At the Super-Z factory, the total produced events of the excited        , 

and          are :3.24 × 103, 1.09 × 104, and 2.30 × 102 respectively.

ü At the GigaZ, the total produced events of the excited        ,          and 
are :2.27 × 103, 7.66 × 103, and 1.60 × 102 respectively.

ü Assuming that all the considered excited states can decay into the ground state 
100 %, the total cross sections for       ,          and          production are 848.03 
fb, 2260.51 fb, and 41.16 fb, resulting in a large number of produced events 
up to 8.48 × 104, 2.26 × 105, and 4.12 × 103. 

ü When the luminosity of the Super-Z factory increases to 1036 cm−2s−1, the 
corresponding produced events of doubly heavy baryons will increase by 100
times. 

Ξcc
Ξbb

Ξbc

Ξcc Ξbc Ξbb

Ξcc Ξbc Ξbb

Results : Cross section
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Results : Differential distributions 

The differential distributions for the P-wave configurations of ⟨cc⟩[n] diquark at 
Super-Z factory: cosθ12, cosθ13, pt, s12, s13 and y。

5 GeV < pt < 40 GeV
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The differential distributions for the P-wave configurations of ⟨bc⟩[n] diquark at 
Super-Z factory: cosθ12, cosθ13, pt, s12, s13 and y。

Results : Differential distributions 
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The differential distributions for the P-wave configurations of ⟨bb⟩[n] diquark at 
Super-Z factory: cosθ12, cosθ13, pt, s12, s13 and y。

Results : Differential distributions 
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Heavy quark mass, mc and mb：

Results : uncertainties
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Table III：Radial wave functions at the origin and their first 
derivatives of the ⟨cc⟩ -, ⟨bc⟩ -, and ⟨bb⟩ -diquark systems.

Radial wave functions：

S-wave：

P-wave：

Total cross section：

Results : uncertainties
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Discussion:  doubly heavy tetraquarks  

[A.Ali, Parkhomenko, QQ, W. Wang,1805.02535]
[A.Ali, QQ, W. Wang,1806.09288]

[QQ, F.S.Yu, arXiv:2008.08026]
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Discussion:  doubly heavy tetraquarks  
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Discussion:  doubly heavy tetraquarks  
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Discussion:  doubly heavy tetraquarks  
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Discussion:  doubly heavy tetraquarks  
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0
' 'QQe e Z Q Q+ -+ ® ®X + +

Summary

J.-J. Niu, J.-B. Li, H.-Y. Bi and H.-H. Ma, arXiv:2305.15362.

J. J. Niu, L. Guo, H. H. Ma and X. G. Wu, Eur. Phys. J. C 79, no.4, 339 (2019). 
H. H. Ma and J. J. Niu, Eur. Phys. J. C 83, no.1, 5 (2023). 

J. J. Niu, L. Guo, H. H. Ma, X. G. Wu and X. C. Zheng, Phys. Rev. D 98, no.9, 094021 (2018). 
H. H. Ma, J. J. Niu and X. C. Zheng, Phys. Rev. D 107, no.1, 014006 (2023).

X. Luo, H. B. Fu, and H. J. Tian, Chin. Phys .C 47 (2023) 5, 053102.
H. J. Tian , X. Luo, and, H. B. Fu, arXiv: 2306.03388 . 

The event for production of doubly heavy baryons at CEPC
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0
' 'QQe e Z Q Q+ -+ ® ®X + +

• To provide some guidance for experimental measurements, the relevant transverse 

momentum, rapidity, angular, and invariant mass distributions are presented

• The total cross sections and relevant events for the production of excited ,     

and          baryons from the P-wave diquark state at the Super-Z factory with                 

in one operational year are ：

Ξcc

Ξbb

Ξbc

ℒ ≃ 1034cm−2s−1

• The largest contributions can be achieved when the excited          baryons and       

(       ) are moving side by side or back to back. 

ΞQQ′ Q′ 
Q′ 

• There are obvious backward-forward asymmetry in the rapidity distributions

Summary
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Thanks for your attention!

August 16th 2023, Fudan University


